ABSTRACT. Two numerical procedures in the Direct Simulation Monte Carlo method, applying particle flux conservation at inflow/outflow pressure boundaries, are developed to treat the two most important boundary conditions encountered in micromechanical and vacuum devices involving internal gaseous flows. The first one is for both specified pressures at inlet and exit; while the second one is for specified mass flow rate and exit pressure. Both numerical procedures have been tested on short and long micro-channels in the slip and transitional regimes. Excellent agreement has been found between the current results and the previous reported numerical results as well as the experimental data for the first type of boundary conditions. Finally, the first type boundary condition is applied to compute the conductance of flow through a circular pipe to demonstrate its application in vacuum technology. Results compare well with previous experimental data by Knudsen (1909) .
INTRODUCTION
Microelectromechanical systems (MEMS) have recently become the focus of a great deal of attention in several research disciplines. These devices are fabricated using processes similar to those in the semi-conductor industry. Potential applications for such devices cover a broad spectrum, including surgical instruments, adaptive optics, data storage, and laminar flow control, etc. [1, 2] . However, the feature of being of very tiny size brings new challenges in both engineering and fundamental research.
The MEMS devices tend to behave differently than the objects we are used to handling in our daily lives. Because these devices usually appear to be with scales on the order of a micron, the physical processes subject to them can highly differ from those in the macroscopic world [3] . For example, in MEMS devices which often involve gaseous flows through micro-channels, the gas mean free path can be on the order of the characteristic channel dimensions, and thus neglect of rarefaction becomes unacceptable [4] . Thus, the conventional computational fluid dynamics (CFD) associated with the Navier-Stokes equations that are based on continuum hypothesis might lead to tremendous deviation on micro-channel flows as mentioned in Nance et al. [5] .
For detailed reviews concerning theoretical and simulation studies on micro-channel gaseous flows, with continuum assumption, they can be found in Beskok et al. [6] and references cited therein. Although there have been several studies on the micro-channel gas flows on the basis of Navier-Stokes equations [4, 6] , they are all hampered by the continuum assumption when being applied in transitional regime. One possible solution to resolve this is the DSMC method [7, 11] , developed by Bird. The DSMC method has been used with great success in the prediction of rarefied hypersonic flows, especially in the applications for reentry vehicles into the planetary atmosphere. It is believed that micro gas flows should be well suited for the application of DSMC [5] . Recently, this has motivated several researchers to apply it to Piekos and Breuer [8] studied the rarefaction effects in micromechanical devices by DSMC. Their study focused on the slip flow and transitional flow regimes. The unstructured cells and the special treatment of the pressure-specified inflow/outflow (I/O, hereafter) boundary conditions were employed. They kept the specified pressure constant during simulation by adding the particles from outside the flow. A non-linear pressure distribution along the micro-channel was obtained. A trend of increasing pressure curve linearity with increasing rarefaction was also found. This contradicts the experimental findings of Pong et al. [9, 11] , but agrees with most other theoretical and numerical studies [4, 6] .
Nance et al. [5] investigated the gas flows in a long micro-channel via the parallelization of DSMC code of Bird [7] . For micro-channel gas flows with specified inlet and exit pressures, new procedures of updating I/O boundary conditions were employed. At the inlet, the temperatures and the transverse velocities were given by fixed values, leaving the streamwise velocities to be updated from inside the flow field. At the exit, only the pressure was specified, leaving other properties, such as temperatures and velocities, to be updated from inside the flow field. The theory of characteristics was applied at the exit, assuming inviscid and adiabatic conditions. All updating process was employed for each boundary cell at each time step during the simulation. Besides, the authors suggested a high degree of grid under-resolution in the streamwise direction due to the weaker property gradients, to save the computation time, and were found quite satisfactory for the simulation of micro-channel gas flow, as compared with those of Piekos and Breuer [8] .
Summarizing all the previous work on micromechanical devices using DSMC, there is one important feature identified. That is the flow velocities in these systems are generally less than the speed of sound, which is definitely subsonic and the velocities at the boundaries are not known beforehand. Therefore, the "stream" and "vacuum" boundary conditions typically employed in the DSMC calculations are not physically correct. Instead, one must specially design a numerical procedure to incorporate into the original DSMC algorithm such that the specified inflow and outflow conditions can propagate properly into the flow fields of interest and the velocities and other properties, e.g. temperature, at pressure boundary can be updated as simulation continues.
From the practical points of view in MEMS related flow, there are two types of pressure related boundary conditions, which need to be addressed when applying the DSMC method. The first one is for both specified pressures at inlet and exit; while the second one is for specified mass flow rate and exit pressure. In addition, the potential application of these two types of boundary conditions can often be seen in vacuum technology for computation of pumping speed as well as maximum compression ratio. Therefore, the objectives of the current study is to develop a general numerical procedure for treating pressure related boundary conditions in typical MEMS devices, such as micro-channel using the DSMC method. In summary, this paper is organized as follows in turn. The DSMC method is briefly described, including details of employing particle flux conservation at pressure boundaries. And, then the results and discussion for micro-channel gas flows and conductance computation of a circular pipe are described in detail. Finally, summarizing the important findings of this research concludes this paper.
NUMERICAL METHOD Direct Simulation Monte Carlo Method
The basic idea of DSMC is the molecules move in the simulated physical domain so that the physical time is a parameter in the simulation and all flows are computed as unsteady flows. An important feature of DSMC is that the molecular motion and the intermolecular collisions are uncoupled. The consequences of the computational approximations can be found in Bird [7] . In the current study, Variable Hard Sphere (VHS) model and No Time Counter (NTC) are used to simulate the molecular collision kinetics.
In order to perform accurate simulation, general procedures of treating inflow and outflow conditions 409 are developed and incorporated into the basic DSMC algorithm. These procedures are described in detail as follows.
Inflow/Outflow Boundary Conditions
Two types of I/O boundary conditions are considered in this study. The first type is the one with specified inlet and exit pressures and the second type is with specified mass flow rate and exit pressure. For the simplicity of demonstration, micro-channel gas flow is used as the model problem for the description of two types of I/O boundary conditions. They are described in detail, respectively, in the following.
a. Boundary conditions with specified inlet and exit pressures (Type I)
Consider a two-dimensional flow in a micro-channel with height h and length L. With given inlet pressure P., inlet temperature T { , and exit pressureP e (P e <P t ), the gas is assumed to flow through the micro-channel. The wall temperatures, J w , are kept constant. The flow conditions are depicted in Fig.l. At the inlet, the treatment is similar to Nance et al. [5] . They are briefly described in the following. The streamwise component, u i , is determined for each boundary cell m by considering the conservation of particle fluxes across cell m's boundary surface.
For a given mean speed and temperature, the particle flux across a boundary surface with area A in a particular direction can be determined, assuming equilibrium Maxwell-Boltzmann distribution [7] , as (la)
where
Vis the mean speed across the inlet, V mp is the most probable speed, and 9 is the angle between flow direction and surface normal inlet. Considering the interface of boundary cell m, we can apply Eq. (1) to determine the rate of particles crossing in either direction. Applying the particle flux conservation at the boundary gives <»,,"= <t>- At the exit, on the other hand, all fluid properties except pressure are computed from the simulation. Again, we apply the concept of particle flux conservation for the exit, rather than applying the theory of characteristics [5] . Then, the similar procedure for inlet conditions is carried out for updating (u e ) m . Note that the exit temperature, (T e ) m , which is not given in advance, is enforced to be equal to the temperature of each exit boundary cell m, i.e., ,
where (T 2 ) m is initially guessed and then evolves during the simulation. Additionally, the exit number density is computed using the equation of state as -Combining Eqs. (3), (4) and applying the enforcement of conservation of particle flux, Eq. (2), at the outflow pressure boundary, the simulated exit pressure is found to be consistent with the specified exit pressure and the mass conservation holds as well automatically.
The main difference between the current study and Nance et al. [5] is that we have applied particle flux conservation at both the pressure boundaries, inlet and exit in this case, while Nance et al. used it only at the inlet and apply theory of characteristics for subsonic flows at the exit, assuming adiabatic and isentropic flow conditions. Current approach ensures the continuity of flows (mass conservation) automatically when the flow reaches steady state. Hence, we expect the current approach would be superior to that of Nance et al. [5] in terms of its generality in application, since the only assumption is in thermal equilibrium at the pressure boundary. We have also found that the number of samples required for steady state solution using current approach are fewer than those of Ref. 5, which can be seen clearly later. 6), an alternative hypothesis of uniform velocity is applied to the inlet conditions:
By defining the average inlet number density as
Combination of eqs. (6)- (8) results in the following expression for inlet streamwise velocity associated with constant mass flow rate,
In Eqs. (8) and (9), M, m, h and Ajare all constants, while n t is determined by (n i ) m . It is reasonable to approximate (n i ,) m as the number density interior to the inlet boundary cell m, i.e.,
which might differ from cell to cell and vary from one time-step to the next. Thus, during the computation, n. and in turn u t will be updated in each time-step.
At the exit, similar treatment to Type I pressure boundary is employed. We again use Eq. Similarly, the negative particle flux I N_ j can a i so be calculated with Eq. (1), based on, (u e ) m9 (n e ) m A and (Tg) m , which are updated during the computation. After the positive and negative particle fluxes are computed, the streamwise velocities at each boundary cell of the outflow boundaries are enforced via Eq. (2) at each time step during simulation.
RESULTS AND DISCUSSION
The algorithms described above are used to simulate the gas flows in short and micro-channels (Fig. 1) . Argon is specified as the working gas for all the cases considered except in the case of long micro-channel. Knudsen number based on the channel height and exit pressure condition ranges from slip flow (Kn=0.05) to transitional flow (Kn=10) regimes. Similar to Nance et al. [5] , grid relaxation strategy in the streamwise direction is applied to reduce the computational load for long micro-channel computation. The results in the following are organized as follows: Micro-channel gas flows are used to verify current treatment of pressure related boundary conditions and compared with previous reported work. Finally, the first type of boundary condition is applied to compute the conductance in a circular pipe in the transitional regime to demonstrate its general applicability in other internal gas flows.
Micro-channel Flows
In this sub-section, verification of the developed treatment of two types of I/O boundary conditions is described first, then the Knudsen number and pressure ratio effects on mass flow rate, and finally the 412 Knudsen number effects on flow properties distribution are detailed in turn.
Verification of Inflow/Outflow Boundary Treatment
A short micro-channel flow was used as the test case for the verification of I/O treatment. The selected short channel has dimensions of 5 pm in length and Ifim in height, with aspect ratio of 5. The upstream temperature T t is 300K. The temperature of both walls, T w , is 300K, assuming full thermal accommodation. Constant inlet to exit pressure ratio Tl t = 3 is specified with exit Knudsen number equal to 0.05. The results of centerline streamwise velocity, pressure and temperature along with those of Ref. 5 , are illustrated in Fig. 2 for comparison. It is found that the agreement between Type I and Nance et al.'s is excellent. Also both procedures are able to exactly predict the specified inlet and exit pressures, which are often over predicted otherwise using conventional treatment in DSMC as shown in Refs. 5 and 9. Similar tests have been conducted for the same configuration with different Knudsen number. The present results agree very well with those of Ref. 5 . This clearly demonstrates that proposed procedure is correct and robust.
For the Type II boundary conditions, we used the mass flow rate (4.5x10" 4 kg/sec), obtained from the Type I boundary conditions and the same exit pressure. Thus, we can verify if the current treatment of Type II boundary conditions is successful or not, by comparing the simulated pressure ratio (inlet to exit) with the expected value of 3.0. Simulated results are also presented in Fig. 3 . As can be seen all the predicted flow properties are almost the same as those of Type I boundary conditions, except the streamwise velocity and temperature near the inlet. This is mainly due to the enforcement assuming uniform velocities at the inlet for the Type II boundary conditions as described in previous section. Nevertheless, the proposed treatment of Type II boundary conditions successfully predicts most of the flow properties.
We have also tried to understand how fast the flow field "converges" to the steady state solution by monitoring the mass flow rates both at the inlet and exit, respectively. Typical results are shown in Fig. 4 for long micro-channel case (Ar, Kn e =0.1, Pi/P e =3, L/h=30). We can see that boundary conditions proposed by Nance et al. [5] cause more violent fluctuations of inlet and exit mass flow rate than the present boundary condition (Type I) during flow development. In addition, the instantaneous mass flow rate curves at the inlet and the exit for present boundary conditions (Fig. 4b) appear to merge much faster. This can be seen more clearly if we plot the data in terms of relative mass flow rate (ratio of instantaneous mass flow rate to final steady value) as a function of time. This should be attributed to the particle flux conservation enforced both at the inlet and exit in the current approach, rather than that only applied at the inlet in Ref. 5 . This implies that the present treatment of pressure boundary conditions (Type I) requires fewer samplings of particles to reach the steady state solution. Similar trends have been found for shorter channel and other flow conditions as well.
Knudsen Number and Pressure Ratio Effects on Mass Flow Rate
Applying Type I boundary conditions, we use Helium as the working gas and the same configuration except for a longer channel with aspect ratio of 30. The results, along with theoretical prediction by Beskok et al. [6] , are presented in Fig. 5 , which provides the information about how the mass flow rate depends on the pressure ratio and Knudsen number. Although the experimental data of Arkilic et al. [4] (represented by circles on the plot, Kn e =0.165) are highly scattered due to the experimental difficulties involved in measuring the very small mass flow rates in micro-channels, the trend of decreasing M s /M m with • increasing p./p e is obvious. Note that M ns is the no-slip mass flow rate obtained from continuum analysis [6] . At low pressure ratios, DSMC predicted or measured mass flow rates are even 100% higher than those predicted by the continuum theory. The theoretical model seems to predict the data quite well for \.1<PJP e < 2.6, which we believe to happen by chance at such high Kn (=0.165). For the whole range of p./P e considered, the DSMC results seem to yield higher M s /M ns than the experimental data. But they are still within the experimental uncertainties considering how difficult it is to measure such tiny mass flow rate on the order of 10" 13 kg/s as mentioned in Arkilic [4] . However, it should be noted that the DSMC method is the only one that predicts the same trend of, as the experimental data in the whole range of PjP e considered. For the results with Kn e = 0.075, only prediction by the DSMC method is plotted along with corresponding theoretical data, since no experimental data are available in the literature. All the theoretical data deviate from the DSMC results severely as pjp e is over 1.5. This is because the isothermal assumption is inadequate for strongly compressible flows at such a low Knudsen number, Kn e = 0.075, as explained earlier.
We can conclude that, as far as the prediction of the mass flow rate is concerned, the theoretical models should work for low Knudsen number flows at low pressure ratio, while for flows of high pressure ratio at high Knudsen number (in slip and transitional flows), only the DSMC method is adequate.
Flow Conductance in a Circular Pipe
So far we have developed two I/O treatments, with emphasis on the particle flux conservation at the pressure boundaries, and both are verified to be successful in simulating gas flows in two-dimensional micro-channels. We thus wonder if the developed I/O treatment can be applied to other internal gas flows, such as vacuum pipe flows. The reason we have chosen to compute the flow conductance in a vacuum pipe in the transitional regime is that there exists experimental data in the literature. Also there is nearly no previous DSMC work available in computing flow conductance. Since the purpose is to demonstrate the general applicability of the present treatment of pressure boundary, only the general physical features of the results are discussed here.
The geometry and dimensions of the circular pipe are depicted in Fig. 1 except that the height becomes the diameter. Radial particle weighting scheme, similar to that of Bird [7] , is employed to take advantage of the axis-symmetry of the pipe. Air is used as the working gas using constant collision number to account for the diatomic behavior. The inlet temperature is 293 K. Inlet-to-exit pressure and length-to-diameter ratio ranges 3-7 and 2-10,respectively. Flow is considered converged as mass is conserved within 0.5%. , where the subscript represents the corresponding average value. Note that Cfm stands for the free-molecular conductance value. As illustrated, the conductance decreases with decreasing P a D (increasing Kn a ) and approaches a limiting value of unity as P a D (Kn a 4 ) becomes very small. For all the test cases considered, the computed flow conductance agrees very well with the fitted equation from Knudsen [12] . This demonstrates that flow conductance of complex geometry in vacuum system may be computed by current treatment of boundary conditions.
CONCLUSIONS
The present study has successfully developed two important numerical treatments of pressure related boundary conditions in the DSMC method by applying particle flux conservation. The new treatment of pressure I/O treatment has been applied to micro-channel gas flows and compare previous DSMC and experimental data. In summary, the general conclusions can be listed as follows.
1. Current treatment of pressure specified I/O has been proved to be superior to that developed by Nance et al. [5] in terms of the amount of sampling required for steady-state solution. This is mainly due to the particle flux conservation concept applied at both the pressure boundaries such that the conservation of mass is automatically ensured.
2. The applications of the current I/O treatment to micro-channel gas flows have demonstrated that the streamwise velocity is accelerated along the channel and pressure decreases nonlinearly with streamwise location, while increasing Kn will eventually make the flow properties invariant and pressure distributed linearly along the channel due to rarefaction.
3. General applicability of the current treatment of pressure boundary has been established by the application to conductance computation of vacuum pipe flows. Results agree well with previous experimental study, which further proves the accuracy of the current method. 
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